Introduction
Acute myelogenous leukemia remains the most common form of leukemia in the adult and elderly population. 1 Although the strategy of combination chemotherapy has greatly improved the survival, the prognosis of aggressive adult T-cell leukemia (ATL) still remains poor, with death usually occurring because of opportunistic infections or drug resistance. 2 Therefore, development of novel anticancer drugs designed to overwhelm the resistance of ATL cells is urgently needed.
Recently, Na þ ,K þ -ATPase has increasingly been appreciated as a potential target in cancer therapy. Some cardiac glycosides that are commonly used for the treatment of cardiac congestion by inhibiting Na þ ,K þ -ATPase possess significant antitumor activities, a case in point is oleandrin. 3 Report has revealed that oleandrin at a non-toxic concentration can increase the sensitization of non-small cell lung cancer cells to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis via upregulation of TRAIL receptor expressions. 4 Similarly, oleandrin was also able to induce Fas expression in tumor cells, but not primary cells, indicating oleandrin is a potent antitumor reagent with slight side effect. 5 In fact, oleandrin is currently undergoing phase I clinical evaluation as a potential treatment for cancer.
Until now, whether the inhibition of Na þ ,K þ -ATPase could be used as an efficient strategy for the treatment of human T-cell leukemia remains largely unknown, but a few preliminary results shed some light. For example, ouabain was able to dramatically enhance anti-Fas-induced Jurkat cell apoptosis. 6 As a matter of fact, this enhancing effect of cardiac glycosides on CD95(APO-1)-mediated cell apoptosis can also give clues to the therapy of many immunological diseases.
In immune system, Fas L-induced apoptosis is a fundamental process regulating lymphocyte maturation, receptor repertoire selection and homeostasis. 7 Apoptosis occurs in peripheral T cells to downregulate the number of reactive cells and terminate the immune response. 8 This so-called activationinduced cell death serves as a second line of defense against autoimmunity. 7 The impairment of Fas/Fas L system, or even lack of it usually leads to malignant lymphoma due to insufficient cell apoptosis. Meanwhile, the formed lymphoma often develops multiple mechanisms, such as drug efflux pumps, 9 overexpression of antiapoptotic molecules 10 to evade elimination via apoptosis. In such cases, the potentiation of Fas L-induced cell apoptosis via Na þ ,K þ -ATPase inhibition may promote the deletion of immunoreactive or malignant T cells, thereby maintaining the immune homeostasis and preventing tumor occurrence. Inspiringly, a small amount of endogenous ouabain-like substance has been identified and detected in human plasma, 11 whether this substance makes a contribution to the sensitization of abnormal T cells to Fas L-induced cell apoptosis remains a mystery.
Despite the above facts that Na þ ,K þ -ATPase plays a critical role in T-cell leukemia cell apoptosis, little is known about the underlying signaling pathway. In present study, we report a novel regulatory mechanism of Na þ ,K þ -ATPase in Fas Linduced human T-cell leukemia cell apoptosis, the result of which would lend a better understanding to the relationship between Na þ ,K þ -ATPase and Fas L-induced human T-cell leukemia cell apoptosis, as well as the therapeutic significance of cardiac glycosides in leukemia.
Materials and methods

Chemicals
Human Fas L was purchased from PeproTech (Rocky Hill, NJ, USA), mouse anti-Fas was from BD Pharmingen (Palo Alto, CA, USA). 12 Cells were maintained in RPMI 1640 medium containing 10% heatinactivated fetal calf serum, 4 mM glutamine supplemented with 31 mg/l penicillin and 50 mg/l streptomycin at 371C, 5% CO 2 atmosphere. To isolate primary T cells, 13 male wild-type C57BL/6 mice, 5-6 weeks of age were purchased from SIPPR-BK Experimental Animal Center (Shanghai, China) and housed in a pathogen-free environment. Animal experiments were carried out in accordance with 'principles of laboratory animal care' approved by The Animal Care & Welfare Committee of China. Mouse primary T-cell suspension was prepared aseptically from lymph nodes and diluted into a density of 1 Â 10 7 cells/ml with fresh RPMI 1640 medium supplemented with 20% fetal bovine serum, 2 mM L-glutamine, 50 mM 2-mercaptoethanol, 1% nonessential amino acids, penicillin (100 U/ml) and streptomycin (100 mg/ml). The cells were further incubated in a 371C incubator supplied with 95% room air and 5% CO 2 .
Generation of stable cell lines transfected with human catalase or MnSOD cDNA
The full-length cDNA of human catalase and manganese superoxide dismutase (MnSOD) were amplified by using reverse transcription-PCR and cloned in frame into bicistronic pIRES-EGFP eucaryotic expression vector containing the gene encoding EGFP (Clontech, Palo Alto, CA, USA). These constructs (pIRES-EGFP-catalase, pIRES-EGFP-MnSOD) were stably transfected into Jurkat cells by electroporation using a Gene Pulser (Bio-Rad, Richmond, CA, USA) at 250 V and 960 mF. Transfected clones, derived from single colonies were selected by limiting dilution in RMPI 1640 medium containing G418 (1.5 mg/ml; Invitrogen, Carlsbad, CA, USA) and screened for EGFP expression by flow cytometry, and further screened for catalase or MnSOD overexpression by western blot analysis. Control cell lines were generated by stably transfecting Jurkat cells with the pIRES-EGFP vector.
Assessment of plasma membrane potential changes
Acute changes in the plasma membrane potential were measured by using DiBAC 4 (3). 30 minutes before each time of examination, DiBAC 4 (3) was added to cells at a final concentration of 150 ng/ml. Cells were examined as changes in their plasma membrane potential by flow cytometry (Becton Dickinson, San Jose, CA, USA). DiBAC 4 (3) fluorescence emission was measured in FL1 channel. All flow cytometric analyses were accomplished using CellQuest software (Becton Dickinson).
Ouabain-sensitive 86 Rb þ uptake assay 86 Rb þ was used as a cognate for measuring K þ uptake in Jurkat cells. 6 Briefly, Jurkat cells were placed at a density 
Assessment of cell apoptosis by annexin V and PI double staining
The annexin V/PI double staining method was performed based on previously described method. 15 In brief, Jurkat cells after treatments were stained with EGFP-tagged annexin V (1:2000), PI was added immediately before analysis by flow cytometry. EGFP fluorescence emission was measured in the FL1 channel and PI fluorescence was measured in the FL3 channel after cell doublets were excluded by pulse processing. A total of 5000 cells were counted per sample. The data were analyzed with CellQuest software.
Measurement of intracellular GSH content
The intracellular GSH content in Jurkat cells was determined by using an ApoGSH Glutathione Detection Kit (Biovision, Palo Alto, CA, USA) based on manufacturer's instructions.
Immunoblot analysis
The immunoblot analysis was performed as described previously. 16 Briefly, Jurkat cells after treatments were harvested and lysed, protein extract was then separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically blotted onto polyvinylidene fluoride membranes. The membranes were firstly hybridized with primary antibodies, and then with a horseradish peroxidaseconjugated anti-mouse or anti-rabbit IgG secondary antibody (Sigma, St Louis, MO, USA). Human FADD monoclonal antibody was from BD PharMingen, human Na þ ,K þ -ATPase a1 or b1 subunit antibody was purchased from Kamiya Biomedical Co. (Seattle, WA, USA), mouse Na þ ,K þ -ATPase a1 or b1 subunit antibody was purchased from Upstate biotechnology (Lake Placid, NY, USA), actin and a-tubulin antibodies were from Sigma Co. The immune blots were developed using enhanced chemiluminescence system (Amersham Pharmacia Biotech).
Detection of plasma membrane Na
þ ,K þ -ATPase a1 or b1 subunit
in Jurkat cells by flow cytometry or indirect immunofluorescence
Jurkat cells (2 Â 10 6 ) before or after treatments were harvested and washed with ice-cold phosphate-buffered saline (PBS). For measurement of antibody binding, cells were probed with primary antibody for 1 h. After incubation, cells were washed and resuspended in a 100 ml binding buffer containing 2 ml fluorescein isothiocyanate (FITC)-conjugated secondary IgG for another 1 h. Cells were then harvested, washed and resuspended in a 400 ml ice-cold PBS and analyzed with flow cytometry (Becton Dickinson). Immediately before flow cytometric analysis, PI (1 mg/ml) was added in each sample. Non-shrunken lymphocytes were divided into two cells population based on their permeability to PI, PI permeable or PI impermeable cells, which were individually gated to measure the mean FITC fluorescence in FL1 channel. Cells after antibodies treatment were also directly observed under a fluorescent microscope (Carl Zeiss, Oberkochen, Germany).
Immunoprecipitation protein phosphorylation assay
Immunoprecipitation of phosphorylated Na þ ,K þ -ATPase a1 subunit was performed based on previously described method. 17 In brief, cells before or after treatment were collected and lysed, equal amounts of protein (500 mg) from supernatants were incubated overnight at 41C with 5 mg anti-phosphor-serine antibody (Cell signaling, Danvers, MA, USA). Antibody was subsequently bound to a saturating amount of protein A-Sepharose beads at 41C for 3-5 h. Centrifugation (5000 r.p.m.) was performed four times in a 1 ml ice-cold immunoprecipitation buffer. After adding sample buffer, the samples were heated at 951C for 10 min and loaded onto a 10% SDS-PAGE gel. The rest protocol was similar as that of immunoblot analysis, and the membrane was probed with human or mouse Na þ ,K þ -ATPase a1 subunit antibody, a-tubulin was used as a control to normalize the protein input.
Statistical analysis
The results were expressed as mean7s.e.m. The statistical analysis involving two groups was performed by means of Student's t-test, whereas analysis of variance followed by Dunnett's multiple comparison test was used in order to compare more than two groups. All data were processed with SPSS 10.0 software.
Results
CD95(APO-1) causes the impairment of
Na þ ,K þ -ATPase
in Jurkat cells or primary T cells
In present study, we found that Fas L at 50 ng/ml was able to cause a time-dependent downregulation of Na (e, f) Effect of anti-Fas on protein abundance of Na þ ,K þ -ATPase a1 or b1 subunit and surface Na þ ,K þ -ATPase in primary T cells. Primary T cells were treated with anti-Fas (1 mg/ml) plus CHX (1 mg/ml) for 16 h, 100 mg protein was separated on a 10% SDS-PAGE and blotted with mouse Na þ ,K þ -ATPase a1 or b1 antibody. Representative western blot of five independent experiments showing similar results is shown (a, b, e). Data are presented as mean7s.e.m. from three independent experiments, significant differences from the value obtained with cells incubated with medium alone are shown. *Po0.05, **Po0.01, ***Po0.001. CHX, cycloheximide; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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L-treated Jurkat cells at 20 ng/ml. The similar results also occurred in primary T cells isolated from mouse lymph nodes, anti-Fas (1 mg/ml) plus CHX (1 mg/ml) for 16 h did not alter the protein levels of Na þ ,K þ -ATPase subunits (Figure 1e ), but significantly decreased the surface [ 3 H] ouabain binding (Figure 1f) . Thus, these data imply the possible internalization of plasma membrane Na þ ,K þ -ATPase in CD95(APO-1)-treated human T-cell leukemic cells or mouse primary T cells.
Fas L causes the internalization of plasma membrane Na þ ,K þ -ATPase subunits
To examine the above hypothesis, we established a flow cytometry-based method for measuring plasma membrane Figure 1a) . Subsequently, we incubated PI impermeable Jurkat cells (cells with intact membrane integrity) with a Na þ ,K þ -ATPase b1 antibody specifically recognizing the extracellular segment of b1 subunit. The results demonstrated that Fas L at 20 ng/ml caused the internalization of Na þ ,K þ -ATPase b1 subunit, since the difference in mean FITC fluorescent intensity between Fas L-treated cells (Figures 2A-c  and 2A-d) was much smaller than that of control cells (Figures 2A-a and 2A-b) . This finding was also confirmed by fluorescent microscope observations ( Figure 2B ). In contrast, no significant differences in mean FITC fluorescent intensity occurred in the corresponding PI permeable Jurkat cells (cells with lost membrane integrity) before or after Fas L treatment ( Figures 2C and D) . To exclude the possibility that the internalization of Na þ ,K þ -ATPase b1 subunit was a secondary result of the 'Flip-Flop' of membrane-bound Na þ ,K þ -ATPase, an a1 antibody specifically recognizing the intracellular segment of a1 subunit was applied. The results, as shown in Figure 2E , demonstrated that no externalization of a1 subunit occurred in Fas L-treated Jurkat cells. Taken together, plasma membrane Na 18 In an attempt to determine if FADD and caspase 8 were involved in Fas L-impaired Na þ ,K þ -ATPase, Jurkat cells deficient in FADD or caspase 8 were employed and confirmed by western blot analysis (Figure 3a) . The results demonstrated that the Fas L-impaired Na þ ,K þ -ATPase transport activity was abrogated in FADD-or caspase 8-deficient cells (Figure 3b) . Meanwhile, the protein levels of a1 and b1 subunits of Na þ ,K þ -ATPase remained unaffected in FADD-or caspase 8-deficient Jurkat cells even in the presence of 50 ng/ml Fas L (Figure 3c) . Therefore, FADD and caspase 8 are involved in Fas L-impaired Na
Intracellular GSH depletion triggers the internalization and impairment of Na
ATPase in Fas L-treated Jurkat cells
Intracellular GSH depletion is capable of sensitizing many types of cells to apoptosis; 19, 20 however, little is known concerning the relationship between intracellular GSH loss and Na þ ,K þ -ATPase. In present study, Fas L decreased the intracellular GSH content as early as 30 min (data not shown), consistent with Fas L-induced inhibition of Na þ ,K þ -ATPase transport activity (Figure 1c) . GSH depletion was also abrogated in Jurkat cells deficient in FADD or caspase 8 (Figure 4a) . Furthermore, the decreases in Na þ ,K þ -ATPase transport activity (Figure 4b ) and protein levels of a1 and b1 subunits (Figure 4c ) in Fas L-treated Jurkat cells were largely attenuated by exogenous GSH at 25 mM, GSH alone also significantly increased the Na þ ,K þ -ATPase transport activity (Figure 4b) , even protein level of Na þ ,K þ -ATPase b1 subunit without affecting a1 subunit (Figure 4c) .
Jurkat cells were also treated with BSO, a reversible GSH synthesis inhibitor. The results revealed that BSO significantly enhanced the Fas L-impaired Na þ ,K þ -ATPase transport activity (Figure 4b) . Like Fas L, BSO at 25 mM also caused the GSH depletion (Supplementary Figure 2a) , internalization of Na þ ,K þ -ATPase b1 subunit (Figure 4d ) as well as cellular depolarization (data not shown) in Jurkat cells. However, BSO at 25 mM did not affect the protein level of a1 or b1 subunit and induce cell apoptosis in at least less than 3 h ( Supplementary  Figures 2b and c) , suggesting that inhibition of Na þ ,K þ -ATPase alone is necessary, but not sufficient to induce cell apoptosis. In fact, this phenomenon is not uniquely happening here, ouabain at 100 nM was also shown to suppress Na þ ,K þ -ATPase activity in Jurkat cells without inducing cell apoptosis in at least less than 3 h (data not shown). Finally, we found that the impaired Na þ ,K þ -ATPase transport activity was easily recovered in BSO, but not Fas L-treated cells (Figure 4e) , suggesting that the Fas L-impaired Na þ ,K þ -ATPase in Jurkat cells appears to be an irreversible event.
Hydrogen peroxide is mainly involved in Fas L-and BSO-impaired Na
ATPase in Jurkat cells
Considerable evidence has documented that intracellular GSH depletion results in the subsequent generation of reactive oxygen , or at 50 ng/ml for 1, 2 and 3 h, respectively (c), 50 mg protein was separated on a 10% SDS-PAGE and actin was included as a control. Data are presented as mean7s.e.m. from three independent experiments, significant differences from the value obtained with cells incubated with medium alone are shown (b). ***Po0.001. FADD, Fas-associated death domain protein; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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þ ,K þ -ATPase in human T-cell leukemia cell apoptosis W Yin et al species (ROS). 21 Based on this fact, we speculate that ROS might also be involved in present study. As shown in Figure 5a , Fas L-induced cellular depolarization was largely attenuated by catalase, catalase alone (1000 U/ml) even hyperpolarized plasma membrane in Jurkat cells, which was reversed by ouabain (Supplementary Figure 3a) . In addition, exogenous catalase significantly prevented Fas L-impaired Na þ ,K þ -ATPase transport activity, but MnTBAP showed much weaker protective effect (data not shown), suggesting that hydrogen peroxide (H 2 O 2 ) is greatly involved in Fas L-impaired Na þ ,K þ -ATPase activity. To further confirm this conclusion, Jurkat cells stably overexpressing human catalase or MnSOD were used. The results demonstrated that Fas L-impaired Na þ ,K þ -ATPase transport activity (Figure 5b ) and plasma membrane Na þ ,K þ -ATPase ( Figure 5c ) were greatly attenuated in catalase transfectant. Fas L also stimulated the generation of H 2 O 2 (Supplementary Figure 3b) Figure 3c) . Meanwhile, the BSO-impaired Na þ ,K þ -ATPase transport activity (Figure 5d ) as well as plasma membrane Na þ ,K þ -ATPase (Figure 5e ) was abrogated in catalase-transfected cells. In summary, these data suggest that intracellular GSH depletion produces H 2 O 2 , then shown (a, b, e) . *Po0.05, **Po0.01, ***Po0.001. BSO, buthionine sulfoximine; FADD, Fas-associated death domain protein; GSH, glutathione; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Figure 4a ). H 2 O 2 alone also dose-dependently decreased the plasma membrane Na þ ,K þ -ATPase (Figure 6a ) as well as Na þ ,K þ -ATPase transport activity (Figure 6b) . But interestingly, H 2 O 2 was able to potentiate Fas L-induced Jurkat cells apoptosis only when it was used at concentrations that were sufficient to cause the impairment of Na þ ,K þ -ATPase ( Figure 6c ). As shown in this figure, Fas L plus H 2 O 2 at 100 and 1000 nM caused more than additive effects on Jurkat cells apoptosis. Overall, impaired Na þ ,K þ -ATPase might constitute one critical mechanism underlying the synergistic effects of Fas L and H 2 O 2 on Jurkat cell apoptosis.
Effects of Fas L, GSH, BSO and H 2 O 2 on the serine phosphorylation of Na
Considerable evidence has documented that the 'endocytosis' of Na þ ,K þ -ATPase is closely related to serine phosphorylation of Na þ ,K þ -ATPase a1 subunit, the process of which is tightly 
þ ,K þ -ATPase in human T-cell leukemia cell apoptosis W Yin et al controlled by intracellular protein kinase C (PKC) isoforms. 22, 23 In present study, we performed immunoprecipitation experiment to observe the effects of Fas L, GSH, BSO and H 2 O 2 on serine phosphorylation of Na þ ,K þ ATPase a1 subunit. The results, as shown in Figure 7a , revealed that both Fas L and BSO increased the serine phosphorylation of Na þ ,K þ ATPase a1 subunit, whereas GSH decreased it. Meanwhile, the upregulation of serine phosphorylation of Na þ ,K þ -ATPase a1 subunit induced by Fas L was largely attenuated in Jurkat cells stably transfected with catalase ( Figure 7b ). H 2 O 2 at 100 nM also significantly increased the serine phosphorylation of Na þ ,K þ -ATPase a1 subunit (Figure 7c) . Finally, anti-Fas plus CHX was able to upregulate the serine phosphorylation of Na þ ,K þ -ATPase a1 subunit in mouse primary T cells (Figure 7d ).
Discussion
Na þ ,K þ -ATPase is an ubiquitous enzyme of mammalian cells. It maintains the non-equilibrium distribution of Na þ and K þ ions against their electrochemical gradients across the plasma membrane. 24 The inhibition of this pump makes a large contribution to plasma membrane depolarization. 25 Regulation of this pump occurs at several levels: (1) the long-term regulation, relevant to the de novo synthesis of this pump as suggested in our previous work; 16, 26 (2) the short-term regulation by recruitment/internalization of the active pumps to/from the plasma membrane and modulation of ATPase activity, which is essentially involved under a variety of physiological or pathological conditions, such as sodium reabsorption in kidney. 27 This short-term regulation facilitates cells to promptly respond to the acute changes in intracellular ion environment. 23, 27 We describe here for the first time that Fas L can cause an irreversible internalization of Na þ ,K þ -ATPase as a mechanism to suppress its activity, suggesting that this process is probably not relevant to the routine short-term regulation of sodium pump, but rather allows cells to rapidly undergo apoptosis. We speculate that this internalization of Na þ ,K þ -ATPase is necessary for malignant T-cell deletion, since it can greatly increase the sensitization of abnormal T cells to Fas/Fas L system-induced cell apoptosis. Meanwhile, in view of the common understanding that apoptosis is a highly programmed and regulated process, this pump internalization might be of great importance in controlling the progress of apoptotic program.
GSH depletion has been suggested to modulate multiple ion transporters such as Oatp1, Oatp2, MRP1, 28 but the precise mechanisms have not been well defined. This study provides evidence that Na þ ,K þ -ATPase might also be one of these transporters regulated by GSH depletion, suggesting that these transporters responsible for influx or efflux of ions or solutes across plasma membrane are tightly coupled and finely regulated. Interestingly, in our repeated experiments, exogenous GSH alone even enhanced the protein abundance of Na þ ,K þ -ATPase b1 subunit without affecting a1 subunit. Furthermore, this discrepancy is seemingly unrelated to the de novo synthesis of b1 subunit mRNA (unpublished observations). As such, it is highly plausible that the exogenous stimulation of Impairment of Na þ ,K þ -ATPase in human T-cell leukemia cell apoptosis W Yin et al surplus reduction by GSH facilitates the disulfide bond formation within b1 subunit, thus generating more mature b1 subunits. However, this presumption needs more experiments to confirm. To efficiently prevent Fas L-impaired Na þ ,K þ -ATPase, we found exogenous GSH was the most effective approach to achieve this requirement. The commonly used GSH transporter inhibitors such as bromosulfophthalein, L-methionine and L-cystathionine, however, failed to reveal such protective effects (data not shown), probably because these inhibitors were not as effective as exogenous GSH to prevent Fas L-induced GSH efflux. Conceptually, GSH is present in high concentrations in the cell cytosol (10 mM), but in much lower concentrations in blood plasma (0.01 mM) and most other extracellular fluids, such that there is a large chemical gradient across plasma membranes. Moreover, because GSH is negatively charged under physiological conditions, there is also an electrical gradient that favors GSH efflux from cells. 28 Increasing extracellular GSH level, however, may counteract this tendency and decrease the driving force of GSH extrusion.
In general, production of ROS is frequently associated with deleterious effects in pathophysiologic conditions. 29 Na þ ,K þ -ATPase is sensitive to ROS insult, thus has been repeatedly reported to lose its activity under oxidative stress. 17, [30] [31] [32] However, among a variety of biological events, generation of ROS is often useful and necessary for appropriate signal transduction. For instance, ROS were critically involved in p38 mitogen-activated protein kinase activation in angiotensin II-mediated vascular smooth muscle cell hypertrophy. 33 In this study, we found that H 2 O 2 serves as a signal transducer, that is, to increase the serine phosphorylation of Na þ ,K þ -ATPase a1 subunit and trigger the internalization of Na þ ,K þ -ATPase. This signaling role of H 2 O 2 is apparently distinguished from its nonspecific deleterious effects on Na þ ,K þ -ATPase. In fact, our results are consistent with previous report that exogenous H 2 O 2 was able to decrease the number of plasma membrane Na þ ,K þ -ATPase in alveolar epithelial cells (A549) via 'endocytosis' process. 23 In that case, hypoxia-induced H 2 O 2 accumulation and the resultant 'endocytosis' of Na þ ,K þ -ATPase in alveolar epithelial cells contributes to the decreased vectorial Na þ transport and alveolar fluid clearance in patients with pulmonary edema. But in this case, Fas L-induced generation of H 2 O 2 and subsequent internalization and impairment of Na þ ,K þ -ATPase may contribute to the rapid apoptotic deletion of lymphoma cells.
The increased serine phosphorylation of Na þ ,K þ -ATPase a1 subunit by Fas L invites us to speculate that PKC might be involved in this process. As a matter of fact, the activation of PKC activity by phorbol 12-myristate 13-acctate (PMA) in our recent study was shown to behave like exogenous catalase, that is, to hyperpolarize plasma membrane of Jurkat cells, moreover, an increase in the amount of plasma membrane Na þ ,K þ -ATPase was also observed in PMA-treated Jurkat cells (unpublished observations). These results seem conflicting with some previous findings, in which PKC activation by TPA (12-Otetradecanoylphorbol 13-acetate) was shown to induce GSH depletion and generation of ROS in human leukemic cells, U-937. 34, 35 However, the internalization or externalization of Na þ ,K þ -ATPase is indeed regulated by different PKC isoforms. 36 Based on this fact, Fas L-induced generation of H 2 O 2 may activate some specific PKC isoforms responsible for the internalization of plasma membrane Na þ ,K þ -ATPase, whereas PKC activator such as PMA may activate other PKC isoforms to induce the externalization of Na þ ,K þ -ATPase. This presumption needs more experiments to clarify.
In sum, Fas L causes a FADD-, caspase 8-dependent GSH depletion in Jurkat cells, which subsequently results in the generation of H 2 O 2 and serine phosphorylation of Na þ ,K þ -ATPase a1 subunit, then the internalization and impairment of plasma membrane Na þ ,K þ -ATPase. Undoubtedly, this study has provided a deeper insight into the role Na þ ,K þ -ATPase plays in the apoptotic deletion of malignant T cells, also could offer clues to the clinical application of cardiac glycoside in human leukemia therapy. After treatments, cells lysates were immunoprecipitated with anti-phosphor-serine antibody, the immunoprecipitated protein was separated on a 10% SDS-PAGE, then transferred and probed with Na þ ,K þ -ATPase a1 antibody, a-tubulin was used as a control to normalize the protein input. The resultant blots were scanned and quantified. Data are presented as mean7s.e.m. from three independent experiments (a-d), significant differences from the value obtained with cells incubated with medium alone are shown. *Po0.05. BSO, buthionine sulfoximine; CHX, cycloheximide; GSH, glutathione; H 2 O 2 , hydrogen peroxide; MnSOD, manganese superoxide dismutase; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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